Logarithmic growth rates (either fresh or dry weight basis) of tobacco callus tissues grown on 10-to 10-1 AM cytokinin are increased if gibberellic acid (10-4-2 AM) is incorporated into the medium. At higher (1-10 jM) cytokinin concentrations gibberellic acid has little effect on growth rate but extends the duration of logarithmic growth. The gibberellic acid effect is noticeable only after one weight doubling, is dependent on concentration, and occurs when either glucose or sucrose is used as carbon source. The gibberellic acid response includes a decrease in percentage of dry weight relative to control tissues. The maximum dry weight yield, although achieved sooner than controls, does not differ appreciably from yields of tissue not treated with gibberellic acid.
Gibberellic acid has been reported to increase fresh weight yields of callus tissues derived from the pith of Wisconsin No. 38 tobacco when kinetin and IAA were supplied in the medium (5, 6) . As little as 3 X 10-8 M GA3 increased total callus fresh weight (5) . Fresh weights of tissues treated with GA3 were greater than Controls, but dry weights of tissues with or without GA3 treatment were identical (e.g., 27.7 versus 15.5 g fresh weight per flask and 0.53 versus 0.55 g dry weight per flask for tissues grown on 1 mg/liter and no GA3, respectively) (6). Although these measurements were made on the 28th day, Murashige and Skoog indicated that the GA3 effect "was most noticeable in the early stages of growth" (6).
Recently we have shown that the logarithmic growth rates of this tissue are controlled by the cytokinin concentration in the culture medium (3) . Frequently, these tissues are well out of log phase after 4 weeks of growth. Since the tissues used by previous investigators were harvested after 4 weeks (5, 6), it is possible that the effect which they noted at "early stages of growth" was actually an acceleration of the logarithmic growth rate. Accordingly, we examined the effects of GA3 on growth rates of tobacco callus tissue.
MATERIALS AND METHODS
Stock tissues of Nicotiana tabacum var. Wisconsin No. 38 pith callus were maintained as previously described (3) on Murashige and Skoog's medium (6), as modified by Linsmaier and Skoog (4) . Kinetin and IAA were supplied at 1 jAM and 11.5
Mm, respectively. This tissue constitutes the standard "tight" stock tissue that was used in the experiments to investigate the interaction of gibberellic acid and high levels (1 gM and above) of cytokinins. Prior to use in all other experiments the tissues were grown for two passages (normally 21-28 days per passage) on a reduced level of kinetin (0.1 Mm). A uniform, loose, friable tissue was thus obtained. Tissues were grown in the dark at 28 C in Petri plates (100 X 20 mm) each containing 50 ml of Linsmaier and Skoog's medium (4) . Components other than GA3 were added to the medium prior to autoclaving. GA3 solutions were sterilized by filtering through a Millipore filter (0.45 M) and added to autoclaved medium in each plate just prior to gelation.
Growth rate determinations were made as previously described (3). In preliminary experiments it was determined that the standard error, i l/eA/n(n-1), of the average fresh weights of the 24 pieces of tissue used to determine each point on the curve was about i-10%. In the experiments given under "Results" all 24 pieces were weighed together, and the average weight was determined by dividing the total weight by 24 Figure 1 . In this experiment logarithmic growth lasted from day 3 to after day 27. When GA3 (1 Mm) was added to the medium, a discontinuity occurred during log phase. Initially there was a period during which there was no apparent GA3 effect (first 7 days). Then a new logarithmic growth rate was assumed which was more rapid than that obtained without GA3 (0.30 versus 0.21 doubling per day). By the 24th day, the average fresh weights of tissues treated with GA3 were more than twice those of the control tissues (2.6 versus 1.0 g per piece).
In the experiment shown in Figure 1 , the concentration of sucrose (88 mM) recommended by Murashige and Skoog (6) was used. When 100 mm glucose was used as the carbon source, the results shown in Figure 2 were obtained. As with the experiment with sucrose, the cytokinin-controlled logarithmic growth rate was 0.21 doubling per day, and no growth differential due to exogenous GA3 was apparent for the first 7 days. After 7 days a discontinuity again occurred. First, there was a sudden increase in weight. Then a new logarithmic growth rate was assumed. As was the case with sucrose-grown tissues this new rate was faster than for tissue not treated with GA3 (0.24 versus 0.21 doubling per day).
Logarithmic growth rate modification due to GA3 was dependent on the concentration of GA3 supplied (Fig. 3 ). When concentrations of IAA and 2iP were held constant at 11.5 OM and 0.1 Mm, respectively, growth rates increased from 0.23 doubling per day on medium lacking GA3 to 0.30, 0.32, and 0.36 doublings per day on 0.02, 0.2, and 2.0 Mm GA3, respectively. In all experiments in which growth was controlled by 10-4 to 10-1 Mm 2iP and 11.5 Mm IAA, addition of GA3 (10-3-2 Mm) increased logarithmic growth rates.
As shown in Figures 1, 2 , and 3, GA3 caused no apparent change in the fresh or dry weights of tissues before at least one doubling had occurred. Data from a more detailed study of the early phases of the growth curves are given in Table I . In this experiment little differential increase in weight was noted between GA3-treated and control tissues until after 6 days. However, by the 15th day the GA3-treated tissues had twice the fresh weight and 1 12 times the dry weight of those tissues not treated with GA3. Maximum fresh weights were substantially greater if the tissues were treated with GA3 , while maximum dry weight yields of GA3-treated and control tissues did not differ (Table II reached both maxima before
The discontinuity in logarithmic growth phase of GA3-treated tissues was coincident with the beginning of a decrease in percentage dry weight (dry wt X 100/fresh wt) in GA3-treated tissues versus control tissues. Plotting the percentage dry weight against time for the experiment shown in Figure 1 revealed that between the 8th and 28th days the percentage dry weight of GA3-treated tissue decreased from 4.8 to 3.7% whereas there was no corresponding decrease with tissues not treated with GA3 (see Fig.  4 ). Similar results were obtained with tissues grown on glucose medium (Fig. 5) . In this experiment the percentage dry weight of control tissues also decreased, but the decrease was not as pronounced as that for GA3-treated tissues. The curves diverged at the same time that the GA3 effect on growth was noted. Loose, friable, glucose-grown stock tissue, planted on either glucose or sucrose medium, also responded to GA3.. Again, no response to GA3 was noted betore at least one weight doubling had taken place, and when the GA3 effect became noticeable, the per- centage dry weights of GA3-treated tissues decreased relative to those of the appropriate controls. Gibberellin Effects on Tissues Grown in the Presence of High Cytokinin Concentrations. Preliminary experiments indicated that 2 AM GA3 did not increase the logarithmic growth rate of tobacco callus tissues supplied with 10 ,M 2iP. These results led us to examine the effects of exogenously supplied GA3 in combination with high levels of cytokinins (1-10 ,M). At these cytokinin concentrations the tissues tend to bud or to form "tight" callus. In order to minimize the effects that such morphological changes might have on growth rates, the stock tissue used for further experiments was the standard tight callus tissue maintained on 1 ,UM kinetin and 11.5 MM IAA. These tissues responded dramatically to exogenously supplied GA3 (2 ,M) when grown on a medium containing 0.1 ,M kinetin or 2iP. However, when these tissues were grown in the presence of 1 ,UM kinetin, the addition of 2 ,UM GA3 had no measurable effect on growth rate (Fig. 6) . The only noticeable effect of GA3 was an extension of the duration of logarithmic growth. The same results were obtained with 20 ,UM GA3 and 1 ,UM kinetin, the concentration ratio of GA3 to cytokinin used in tests with loose tissue.
Fresh weight final yields of tight tissue were similar whether or not GA3 was included in the medium. This differed from the results obtained in experiments with loose, friable tissues and cytokinin concentrations less than 0.33 MM (cf. (3) . The results presented above demonstrate that these rates can be modified by exogenously supplied GA3. Indeed, the highest growth rates which have been measured for tobacco callus tissue occurred in the presence of both GA3 and a cytokinin. Thus, it is probable that both substances are necessary for maximum growth of this tissue.
The response to GA3 occurs during logarithmic growth and is not apparent until after at least one weight doubling. Prior to the GA3 response the logarithmic growth rate of these tissues is indistinguishable from that which is programmed by the cytokinin alone. One possible explanation for this phenomenon would be that GA3 does not increase the growth rate of these tissues until after they have undergone at least one division in its presence. Examination of tissues in the preresponse period may provide some information as to the cytological and molecular events necessary for the GA3 growth stimulation.
The two cases described in Figures 1 and 2 represent the extremes we have noted with loose, friable tissues grown on media containing 0.1 AM or lower cytokinin concentrations.
Although the extent of the sudden increase in weight was quite variable and was frequently, but not always, greater with glucosegrown tissue, the logarithmic growth rates of these tissues were always faster after the discontinuity in the curve. The events which occur at the GA3-caused discontinuity include both a divergence of percentage dry weight of GA3-treated and control tissues and a change in logarithmic growth rates. This suggests that substantial internal adjustments occur at this time. These may involve such events as increases in cell size and changes in the uptake of water and nutrients.
The responses of tobacco callus tissues to 0.1 and 1.0 ,M kinetin or 2iP (or other cytokinin of equivalent or greater biological activity) are quite different. At the lower concentration, large masses of loose, friable tissue are obtained while at the higher concentration smaller, hemispheric discs tend to form (7) . Both types of tissues grow logarithmically. However, the loose callus tissues remain in log phase for a considerably greater proportion of their total growth (3) . The responses to GA3 by tissues grown on these two cytokinin concentrations also differ. As discussed above, exogenously supplied GA3 causes a marked stimulation of growth of tissues grown on cytokinin concentrations up to 0.1 llM. However, GA3 does not accelerate growth rates or increase fresh weight yields when supplied to callus tissues maintained on a medium containing 1 ,M kinetin. Gibberellic acid does extend the duration of logarithmic growth of tight tissues grown on 1 AM kinetin (Fig. 6 ). This is in marked contrast to the neither exponential nor strictly linear growth of tobacco callus usually obtained after 13 to 15 days on this medium with 2iP or kinetin concentrations above 0.33 AM (3) .
The effects of GA3 on tobacco tissue cultures have previously been measured in terms of weight yields obtained after 4 or 5 weeks. These measurements have led to the conclusion that fresh but not dry weights of tissues are increased by GA3 (5, 6) . Under the conditions of the experiments described above, maximum dry weight yields were dependent on the amount of carbohydrate and not on the growth regulators in the medium (8) . During logarithmic growth the fresh and dry weights of tissues supplied with GA3 increased more rapidly than for tissues not supplied with GA3 . As the tissues reached the carbohydratelimited maximum on the growth curve, only the fresh weights differed significantly. Thus, at this point, our measurements are in agreement with those of Murashige and Skoog (6) and suggest that their measurements were made after the end of log phase.
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